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The listing of claims will replace all prior versions, and listings, of claims in the 
application: 

Listing of Claims: 

1 . (original) An optically-pumped mode-locked fiber ring laser for optical clock 
recovery of multiple wavelength division multiplexed optical signals for mode- 
locking a plurality of outputs of the laser as a plurality of recovered clocks for a 
plurality of the multiple wavelength division multiplexed optical signals, the laser 
comprising: 

a laser cavity having a cavity length corresponding to an integer multiple of bit 
periods of at least one of the multiplexed optical signals for receiving a pre-amplified 
version of the plurality of wavelength division multiplexed optical signals to provide gain 
modulation through a phase-insensitive parametric amplification and recirculating a 
proportion of the output from the laser cavity back through the laser cavity for spatially 
mode-locking the output of the laser cavity as a recovered clock whereby the recovered 
optical clock each having a periodic train of optical pulses with a repetition rate 
corresponding to the clock rate of the corresponding multiplexed optical signal is 
generated by mode-locking of the optically-pumped laser produced by a spatial 
modulation of the phase-insensitive parametric gain produced by the pulsed nature of the 
wavelength division multiplexed optical signals; 

a nonlinear gain medium disposed in the cavity, the medium having a sufficiently 
large dispersion at all of the wavelengths corresponding to the multiple wavelength 
multiplexed optical signals for minimizing four- wave mixing crosstalk among the 
multiple wavelength multiplexed optical signals, among the recovered clocks, and 
between the plurality of multiple wavelength multiplexed optical signals and the 
recovered clocks, the gain medium pumped by the plurality of pre-amplified multiplexed 
optical signals to provide efficient gain modulation through the phase-insensitive 
parametric amplification at a plurality of narrow wavelength bands, each of the plurality 
of narrow wavelength bands immediately adjacent to a wavelength of a corresponding 
optical signal and each of the plurality of narrow wavelength bands including a 
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corresponding recovered optical clock wavelength, and each of the corresponding optical 
signals copropagating in the laser cavity through the nonlinear gain medium with the 
recovered optical clocks; 

an optical amplifier having an inhomogenously broadened gain for amplifying the 
plurality of recovered clocks for compensating a portion of the cavity loss at all 
wavelengths of the plurality of recovered clocks; and 

a wavelength selector for passing the light at the plurality of wavelengths of the 
recovered clocks for recirculation in the laser cavity and preventing the light from the 
multiple wavelength division multiplexed optical signals and a plurality of idler waves 
generated by four wave mixing between the multiple wavelength division multiplexed 
optical signals and recovered optical clocks from recirculating in the laser cavity. 

2. (original) The laser of claim 1, wherein the optical amplifier comprises a Raman 
amplifier. 

3. (original) The laser of claim 1, wherein the cavity is formed in an active mode- 
locking ring laser configuration. 

4. (original) The laser of claim 1, wherein the cavity is formed in a Sagnac laser 
configuration. 

5. (original) The laser of claim 1, wherein the wavelength selector comprises a narrow 
band filter. 

6. (amended) The laser of claim 1, wherein the wavelength selector comprises a 
plurality of chirped fiber Bragg g rating at l e ast on e fib e r Bragg Grating . 

7. (original) The laser of claim 1, wherein the wavelength selector comprises a plurality 
of fiber Bragg gratings for adjusting the cavity length to correspond to an integer 
multiple of bit periods of at least one of the multiplexed signals. 
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8. (original) The laser of claim 1, wherein the wavelength selector comprises an 
adjustable fiber delay line for adjusting the cavity length. 

9. (original) The laser of claim 8, wherein the adjustable fiber delay line is actively 
stabilised. 

10. (original) The laser of claim 1, wherein the nonlinear gain medium has an 
appropriate dispersion slope within the cavity such that a dispersion zero wavelength 
is shorter than the wavelength of any of the plurality of wavelength multiplexed 
optical signals or the wavelengths of the recovered clocks. 

1 1 . (amended) The laser of claim L wherein the optical amplifier comprises a parametric 
amplifier. Th e las e r of claim 1, wher e in th e coherenc e l e ngth of th e plurality of 
wav e l e ngth division multiplexed optical signals in substantially gr e ater than the 
cavity l e ngth. 

12. (original) The laser of claim 1, wherein the wavelength selector comprises an optical 
branch presenting a series of cascaded chirped fiber Bragg gratings, the optical 
branch being connected to the optical cavity by an optical circulator, whereby each 
chirped fiber Bragg grating minimizes a different idler wavelength in the cavity. 

13. (original) The laser of claim 12, wherein each chirped fiber Bragg grating is at least 
half as long as the physical spacing of two successive optical pulses of the plurality of 
wavelength division multiplexed optical signals in the cavity injected at the signal 
clock rate. 

14. (original) The laser of claim 1, wherein the optical amplifier comprises a Raman 
amplifier using the nonlinear medium of the gain modulation or another nonlinear 
medium as the gain medium for amplifying the plurality of the recovered clocks. 
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15. (original) The laser of claim 1, wherein the wavelength selector has a free spectral 
range equal to the signal clock frequency or a subharmonic of the signal clock 
frequency for one of the plurality of wavelength division multiplexed optical signals. 

16. (original) The laser of claim 1, wherein the plurality of wavelength division 
multiplexed optical signals occupy respective channels separated from each other by 
a wavelength spacing, and the wavelength selector comprises a weak periodic filter 
with a free spectral range substantially equal to the wavelength spacing between 
adjacent channels. 

17. (original) The laser of claim 1, wherein the nonlinear medium comprises a 
dispersion-shifted fiber, a holey fiber or a photonic band gap fiber. 

18. (amended) The laser of claim 1 [[14]], further comprising: 

an interleaver to couple the parametrically amplified plurality wavelength division 
multiplexed optical signals into the laser cavity while passing through the recovered 
clock signals for continued circulation in the cavity, the interleaver having the 
spectrally periodic design for combining odd and even numbered channels of the 
plurality of wavelength division multiplexed optical signals; and 

a wavelength-independent coupler for splitting out a portion of light from the 
output of the laser to couple a corresponding plurality of recovered clocks out. 

19. (original) A method for recovery of a clock from each of a plurality of optically 
encoded wavelength multiplexed signals, the method comprising the steps of: 

providing a phase-insensitive parametric actively mode-locked fiber ring laser 
including a cavity; 

optical modulating a gain in the optical path of the optical cavity of the mode- 
locked laser; 
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applying a plurality of wavelength division multiplexed optically encoded input 
signals to the cavity; and 

outputting a plurality of optical pulse streams from the cavity, wherein the gain is 
modulated in response to the plurality of wavelength division multiplexed optically 
encoded signals by modulating the spatial pattern of light in the laser cavity thereby 
locking the spatial pattern of the output pulse stream to a timing wave of one of the 
optically encoded signals. 

20. (original) A system for recovery of a clock from each of a plurality of optically 
encoded wavelength multiplexed signals, the system comprising: 

a phase-insensitive parametric actively mode-locked laser including a cavity; 

an optically controlled optical modulator in the optical path of the optical cavity of the 
mode-locked laser; 

means for applying an optically encoded input signal to the optically controlled optical 
modulator; and 

means for outputting an optical pulse stream from the system; 

wherein the optically controlled optical modulator in response to the optically encoded 
signal modulates the spatial pattern of light in the laser cavity thereby locking the spatial 
pattern of the output pulse stream to a timing wave of one of the optically encoded 
signals. 
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REMARKS/ARGUMENTS 



In the specification, paragraphs as previously indicated have been amended to 
correct editorial problems, a version of the marked paragraphs and a complete clean 
specification is attached. 

Figures 1 and 7 have been amended to simplify the specification. 

Claims 1 - 20 remain in this application. Claims 1,6, 11, and 18 have been 
amended 

In view of the above amendments and the following remarks, favorable 
reconsideration of the outstanding office action is respectfully requested. 

Attached hereto is a page entitled "Version of Markings to Show Changes Made." 

Applicant believes that no extension of time is necessary to make this request of 
preliminary amendment. Should applicant be in error, applicant respectfully requests that 
the Office grant such time extension pursuant to 37 C.F.R. § 1 .136(a) as necessary to 
make this Reply timely, and hereby authorizes the Office to charge any necessary fee or 
surcharge with respect to said time extension to the deposit account of the undersigned 
firm of attorneys, Deposit Account 03-3325. 

Please direct any questions or comments to Juliana Agon at 607-974-6574 



Respectfully submitted, 





Attorney for Assignee 
Reg. No. 33,468 
Corning Incorporated 



SP-TI-03-1 
Corning, NY 14831 
607-974-6574 
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[0006] FIG. 7 is a design chart for the fiber 3 of FIG. 1 where the parametric gain curve is 
graphed as a function of the position of the signal channel with respect to the zero-dispersion 
wavelength; 

[0007] FIG. 8 is_a dispersion as a function of the wavelength design chart for the fiber 3 of FIG. 
1; and 

[0008] FIG. 9 displays the parametric gain bandwidth profiles excited in the parametric amplifier 
fiber 3 of FIG. 1 and the channel spacing positions for the fiber 3 of FIG 1. 

DETAILED DESCRIPTION OF THE INVENTION 

[0009] A novel approach to the multi-channel all-optical clock recovery (MOCR) was proposed 
by A. Ellis in a United States patent application 10/153,957 filed August 11, 2003 entitled 
"Recovery of Clock Pulses of Wavelength Division Multiplexed Optical Signals" assigned to the 
same assignee. This approach is based on a fiber-optic parametric oscillator, in which 
periodically modulated gain results from the phase- sensitive four-wave mixing (FWM) F WM 
process in the fiber. Phase-sensitive parametric amplification operation is inherently unstable 
due to the cavity length shifts caused by the environment such as temperature changes. To solve 
this problem, gratings were proposed as a passive method to stabilize the cavity length in the 
same patent application. Experimental results show that the gratings can indeed maintain the 
cavity length matched to the clock frequencies of the input signals. However, because the cavity 
gain modulation resulting from the four wav e mixing (FWM) FWM process is optical phase 
sensitive, the above method may still have a technical challenge to suppress the amplitude noise 
resulting from a random optical phase shift between the clock and input signal. Even with the 
use of a non-zero dispersion shifted fiber (NZ-DSF) for multi-channel operation, the potential 
problem of cavity length stability may still be present. The use of an Erbium Doped Fiber 
Amplifier (EDFA) to compensate for the cavity loss in a multi-channel case may lead to unstable 
operation due to the mode competition among the channels caused by homogeneously broadened 
gain of an EDFA. 

Due to the fundamental nature of the parametric amplification process, if all three of the pump, 
signal and idler optical signals are present at the input of the fiber laser ring loop, 
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phase-sensitive amplification only takes place if there is a specific phase relation between 
them. Hence, if the pump light, a signal, and the idler are all present at the input of a highly 
nonlinear dispersion shifted fiber (HNL-DSF1 or HNL-DSF2), the amplification process is 
phase-sensitive. For the phase-sensitive parametric amplifier, pump and signals are supplied 
from outside of the ring cavity, and idlers are circulated in the cavity, so all three are 
entering the nonlinear fiber at its input. Different clocks do not interact because their 
respective signals all have different phases. This is the advantage and the challenge of the 
design at the same time, because it assumes that optical signals coming from the 
transmission line have a well defined phase to begin with. 

[0021] On the other hand, if the pump light and a signal are present at the input of a 
nonlinear fiber (for example a highly non-linear dispersion shifted fiber HNL-DSF1 or 
HNL-DSF2), the amplification process is phase-insensitive. Hence, if only the pump and 
signal optical signals are present in the phase-insensitive case, the phase of the optical wave 
does not matter, because the idler signal is generated with the proper phase, inside the 
amplifier automatically. In a phase-insensitive parametric amplifier cavity, only signals 
(which serve as a parametric pump) and clocks that are recirculated in the cavity are entering 
the nonlinear fiber at its input. Therefore the optical phase relation between the signals and 
the clocks does not matter. Idlers are still generated in the parametric process, but the idlers 
are thrown away by the filters (such as gratings), so that the idlers can not recirculate or get 
to the nonlinear fiber input. 

[0022] This phase insensitive approach provides an advantage in terms of not needing to 
watch the phase of the optical waves. However, the advantage of the phase-sensitive design 
is eliminated and now signals can interact. Therefore, the other fundamental property of 
parametric amplification is implemented - if the pump wavelength is designed as a far 
longer wavelength than the dispersion zero (if the medium has finite positive dispersion) of 
the highly nonlinear dispersion shifted fiber (HNL-DSFU than the parametric gain band is 
very narrow. The parametric gain would then be located only immediately left and right of 
the pump in spectrum. Thus, the medium (fiber) is selected with the appropriate design, and 
the inputs are separated far enough in wavelength, such that each one will amplify and 
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modulate its own clock right next to it, and never touch other signals and clocks that are far 
away. 

[0023] Unfortunately, when the parametric gain is narrow it is also small. Thus, there is a 
preference for a second amplifier to boost the gain of all the clocks together almost to the 
level of the lasing threshold of the cavity. But that second amplifier amplifies all clocks 
together, so cross-gain modulation need to be minimized. Hence, the second amplifier is 
preferably inhomogeneously broadened. 

[0024] Referring to FIG. 1, for achieving stable multi-channel all-optical clock recovery in a 
fiber-optic parametric oscillator, the phase-insensitive clock recovery circuit is illustrated. 
A signal input fiber 1 is coupled to a length of around 500m of dispersion-shifted nonlinear 
medium as an example of a highly non-linear dispersion-shifted fiber 3 by a coupler, such as 
a wavelength division multiplexer (not shown). In general, the starting point for the loop or 
cavity can be anywhere in a ring cavity. But, in this laser cavity example, the starting point 
is the input of the nonlinear fiber (HNL-DSF1) 3, because the generation of the clock signal 
starts there. 

[0025] The output from the dispersion-shifted fiber 3 is fed to a band-pass filter 7, and the 
output from the band-pass filter branches into two paths. A first path from the band-pass 
filter 7 is coupled to an adjustable fiber delay line 9 comprising dispersion-compensating 
fiber having the opposite dispersion characteristics to those of the dispersion-shifted fiber 3. 
After the fiber delay line 9, the first path is amplified by an optical amplifier 56 with 
inhomogenously broadened gain, and then is coupled back to the signal input fiber 1 to 
complete an active mode-locked fiber ring laser configuration or cavity. The second path 
from the band-pass filter 7 comprises a clock output fiber 11. 

[0026] According to the teachings of the present invention, a parametric optical amplifier 56 
is disposed in the cavity. The optical amplifier 56 has an inhomogenously broadened gain 
for amplifying a plurality of recovered clocks for compensating a portion of the cavity loss 
at all wavelengths of the recovered clocks. The amplifier 56 eliminates mode competition 
among channels by being inhomogeneously gain-broadened and is preferably broadband to 
compensate for the cavity loss. Thus, the amplifier 56 achieves stable all-optical clock 
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recovery for more than two optical channels in a single device, with the total number of 
channels and spectral span limited only by the optical gain bandwidth of the amplifier 56 
used to compensate cavity loss. Optica l Optical amplifier 56 can either be a parametric or 
Raman amplifier. 

[0027] Referring to FIG. 2, a phase-insensitive cavity loop is shown where the band-pass 
filter 7 of FIG. 1 is substituted by an optical circulator 23 and a grating structure, such as a 
plurality of chirped fiber Bragg gratings (CFBG) including gratings 25 through 31 in an 
optical branch 21. Furthermore, the param e tric optical amplifier 56 of FIG. 1 is substituted 
by a wavelength division multiplexer 4 coupling a pump light input 5 at a wavelength of Xp 
to a second highly nonlinear dispersion shifted fiber 33. 

[0028] In this exemplary configuration of the multi-channel clock recovery device with 
parametric amplifier, the system consists of two optical couplers 2 and 35, two sections of 
highly nonlinear dispersion shifted fiber or gain mediums 3 and 33, one optical circulator 
23, a number of chirped fiber Bragg gratings (equal to the number of channels) such as 25, 
27, 29, and 31 for four multiplexed channels, one wavelength division (add) multiplexer 5, 
and one continuous wave (CW) pump laser source 6. 

[0029] For the HNL-DSF2 or gain medium 33 (used for the parametric amplifier), the zero 
dispersion of the nonlinear fiber should be around the middle of the channel bandwidth 
which is also around the pump wavelength of the parametric amplifier. For example, if the 
device works for C band (1525nm~1565nm). The zero dispersion of the nonlinear fiber 33 
should be around 1545nm. 

[0030] Referring to FIG. 3, the operation principle of FIG. 2 is illustrated showing gain 
profiles where . . .A« n are respectively the wavelengths of input channels 1 . . . n. %si . . . 
are the wavelengths of recovered clocks for respectively channels 1 . . . n. The center 
wavelength of the fa CFBG (or the fa channel clock wavelength ) is set at one of the 
parametric gain peaks (X^ ) of the nonlinear fiber (HNL-DSF1) 3 provided by the fa input 
channel signal (A*i). As will be discussed later, by properly designing the nonlinear fiber or 
properly choosing the fiber length, the gain produced by each channel signal will be 
separated in the wavelength domain. Therefore, the gain of each clock signal is 
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[0033] The gain of the parametric amplifier 56 should be set at a level that compensates 
most of the cavity loss, but below the threshold of CW oscillation for all clock channels. 
Additional gain-flattening filters (not shown) might be required. 

[0034] The control of the parametric gain bandwidth of the nonlinear fiber (HLF-DFS1) or 
gain medium 3 is next illustrated by FIGS. 6££2-}]and 7£[3]}. Different from a phase- 
sensitive design, the clock recovery of the present invention uses the optical phase 
insensitive parametric amplification to provide the gain modulation required for active 
mode-locking. An extremely important advantage of phase insensitivity is that no 
interferometric stabilization of cavity length is required, and no restrictions are placed on the 
phase noise content of the input signals. However, a narrowband amplification at each clock 
wavelength must be realized to allow for a multi-channel operation. To avoid the cross-talk 
between neighboring clock channels due to overlap of the parametric gain bandwidths, the 
nonlinear fiber (HLD-DSF1) or gain medium 3 should be properly designed or (and) the 
length of fiber should be properly chosen. 

[0035] The parametric gain bandwidth can be approximately expressed as 

AQ . = — p (1) 

where L is fiber length, p 2 is the dispersion parameter, Q s is the frequency shift between the 
pump and signal waves corresponding to the phase-matching condition. Equation (1) 
indicates that the gain bandwidth decreases with the increase of the dispersion parameter as 
well as the fiber length. Therefore, two methods can be used to control the parametric gain 
bandwidth of HNL-DSF1 or gain medium 3. First, the gain bandwidth is controlled by 
properly designing the zero dispersion point and dispersion slope of the fiber. Second, it can 
be easily adjusted by just changing the fiber length. Furthermore, a combination of the two 
methods may also be used. However, finite fiber dispersion will produce walk-off between 
the clock signal and input signal, which will effectively reduce modulation required for the 
device operation and cause the clock pulses being asymmetric. Therefore, minimum 
allowable channel spacing to minimize crosstalk and maximum allowable walk-off should 
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[0040] For a phase-insensitive loop with a Raman amplifier, two configurations are 
illustrated. The first one is the same as the loop configuration shown in FIG. 2, which could 
also be implemented as a Sagnac laser configuration, except that the CW pump light of 
HNL-DSF2 medium 33 is pumped at a Raman pump wavelength of FIG. 5. 
[0041] Referring to FIG. 4, the second Raman amplifier configuration is shown. The 
parametric amplifier 56 of FIG. 2 is simultaneously used as substitut e d by a Raman 
amplifier by adding [|u smg]]-the two Raman pump sources, coupled by two separate 
couplers, such as wavelength division multiplexers 41 and 42, and the gain medium 3 which 
could be a holey fiber, a photonic band gap fiber, a Raman fiber, or any other type of highly 
nonlinear dispersion shifted fiber. In g e n e ral an inhomog e neously broad e ned gain amplifi e r 
can b e eith e r a param e tric amplifi e r or a Raman amplifi e r. In oth e r words, a param e tric 
amplifi e r is not a Raman amplifier. But wh e n a nonlin e ar fib e r is pumped by both a 
param e tric pump light and a Raman pump light, this nonlin e ar fib e r can b e a Raman 
amplifier as w e ll as a parametric amplifi e r. Thus, th e As shown in FIG. 5, when the 
wavelength of the Raman pump light is properly chosen, the Raman gain bandwidth can 
fully cover the clock signals of all channel. So, the same nonlinear fiber (HNL-DSF) or gain 
medium 3 serves as the nonlinear medium for both parametric gain modulation and Raman 
amplification. In general, the CW pump light power is much larger than the power of the 
clock signals, and therefore the pump depletion can be neglected. In addition, the Raman 
amplifier gain is at least in part inhomogeneously broadened. Therefore, unlike when using a 
standard EDFA, the mode competition produced by the amplifier is eliminated. All other 
design issues are the same as discussed with FIGS. 2 and 3. 

[0042] Hence, the present novel clock recovery device is especially designed to solve the 
challenges of instabilities coming from both mode competition among the channels and 
cavity length shift for multi-channel operation. First, to eliminate mode competition among 
channels, the broadband parametric optical amplifier 56 implemented by a second fiber 33 
of FIG. 2 A o r the broadband parametric optical amplifier 56 is replaced by a Raman optical 
amplifier with a Raman fiber , or alternatively, a Raman optical amplifier which uses the 
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same highly nonlinear dispersion shift fiber 3 by adding w &h-the two pump sources 61 and 
62 is used to compensate for the cavity loss. 

[0043] Using phase-insensitive parametric gain, no interferometric cavity stabilization is 
required, and no restrictions are placed on the phase noise of the incoming signals. 
Compared with semiconductor based clock extractors, the phase insensitive loop can work 
at much higher bite rates due to the extremely fast response time of fiber nonlinearities. 
[0044] Because the phase insensitive design employs a number of chirped fiber Bragg 
gratings (CFBG's), such as gratings 25 and 31 in the laser cavity to automatically 
compensate environmental cavity length change by the small shift of the lasing wavelength, 
passive locking of the output pulse repetition rate to any input clock frequency is enabled. 
Since the parametric gain is optical phase insensitive, this phase insensitive design is also 
free from the noise caused by a random signal phase variation. 

[0045] Referring to FIG. 6, the typical dispersion curve of the dispersion shifted highly 
nonlinear fiber 3 is depicted. The highly nonlinear dispersion shifted fiber 3 is designed to 
have a zero dispersion wavelength outside the C band (1535 nm-1570 nm) and preferably on 
the shorter wavelength side. The optical effect used with the fiber 3 is the four-wave- 
mixing based harmonic mode locking of a parametric laser in a ring cavity configuration of 
FIGS. 1 , 2, or 4. The parametric gain manifests itself when a pump and a signal are present 
at the input of the fiber and in particular on the input of a dispersion shifted fiber 3. 
Regardless of phase sensitive or phase insensitive, the efficiency of the parametric gain is 
related to the phase matching conditions between the signal and the pump and to the 
nonlinear coefficient of the fiber. The parametric gain bandwidth depends on the interplay 
between the phase mismatch and the nonlinear effect induced phase shift and is narrower 
when the pump wavelength is far from the zero dispersion wavelength. The peaks of the 
gain will be observed at wavelengths where group velocity dispersion phase shift is 
compensated by the nonlinear phase shift i.e. Ak = -2yP where y is the nonlinear 
coefficient, P is the pump power and Ak is the group velocity dispersion phase mismatch. 
At the same time, in linear chromatic dispersion approximation, Ak oc D x {x p - A 0 \X p - X s f , 
where D x is the slope of dispersion at zero dispersion wavelength, X p is the pump 
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wavelength, X $ is the signal wavelength and A 0 is the zero dispersion wavelength. The 

bandwidth of the parametric gain for different pump positions is represented on FIG. 7. 
[0046] Far from the zero-dispersion wavelength, the parametric gain has a narrow 
bandwidth. This fact is used in the phase insensitive design to construct a multi-wavelength 
clock recovery system for several channels. Each cannel is used as a pump for a narrow 
bandwidth phase insensitive parametric process. The narrow gain from the Bragg gratings 
25 or 31 insures that no significant cross talk between the extracted channels will be 
observed. 

[00 4 7]If, for instanc e , two diff e rent chann e ls are pr e s e nted at th e input 1 of the fiber ring 
laser of FIG. 2, e ach of them will s e rv e as a pump in a param e tric process. In the nonlinear 
fib e r 3 th e two pumps cr e ate conditions for parametric amplification and amplify the 
incoming nois e . Th e two Bragg gratings 25, 31 and the circulator 23 insure that the two 
wavel e ngths, for Signals 1 and Signals 2 for exampl e , make full cavity round trips and are 
present at the input of th e nonlinear fiber 3 at the sam e tim e slots wh e n the plurality of 
wavel e ngth division multipl e x e d optical output signal channel's "zero" and "ones" enter th e 
cavity as input 1. Th e se two wav e lengths for Signals 1 and 2 will be amplifi e d by the 
incoming "on e s" and aft e r s e veral round trips, lasing conditions for th e two wav e lengths 
will b e e stablish e d. 

[0048]For this lasing condition to be fulfilled, the cavity r e sonanc e fr e qu e ncy should b e 
synchroniz e d to th e incoming signal data bit rate. In theses conditions, harmonic mode 
locking of the ring las e r by the incoming signals will be establish e d. 

[0019]The param e tric gain in the nonlin e ar fiber 3 is th e mechanism that insur e s the lasing 
action aft e r s e v e ral cavity round trips and a certain numb e r of incoming "on e s" from the 
output chann e ls. Th e clock extraction mechanism is based on the fact that the las e r action of 
the param e tric cavity is a r e sult of a mode locking that allows the averaging of th e time 
position of th e incoming puls e s and to r e duc e in this way th e incoming jitt e r . 
[0050]On e critical point of multi wavel e ngth clock r e cov e ry i s the number of arriving 
"zeros" that will switch off th e lasing action and this critical parameter should b e carefully 



14 



Attorney Patent Docket No. SP03-12 9 

calculated dep e nding on th e pr e cise cavity configuration, wh e th e r it is a Sagnac las e r or 
anoth e r loop configuration. 

[0051] The preferred fiber is made by Germanium co-doping of the core region and with 
Fluorine co-doping of the depressed cladding region. Both Plasma Chemical Vapor 
Deposition (PCVD) and Modified Chemical Vapor Deposition (MCVD) methods can 
produce such fiber profiles. The fiber proposed is an "a-profile type fiber". The alfa values 
of the proposed design is a = 5 . The inner core radius is 2.5 jxm The inner core maximal 
refractive index is 1.485. The depressed cladding refractive index is 1.451. The depressed 
cladding radius is 3 |xm. The outer cladding refractive index is 1.457 at the silica level. The 
calculated fiber dispersion is given on FIG. 8. The zero dispersion wavelength is at 1.4415 
|im. The slope of dispersion at the zero dispersion wavelength is 0.07 ps/km/nm 2 . The 
effective mode field area at 1.55 |im is 15 (am 2 . 

[0052]T he fiber dispersion and slope of dispersion can be used to model the parametric gain 
bandwidth in this fiber 3 by numerical solution of the Shrodinger equations in the 
amplification regime. The gain curves of FIG. 9 are calculated for the case of traveling wave 
amplification configuration. Different input signal wavelengths were used in order to 
estimate the possible practical implementation of the clock recovery system in terms of 
channel spacing. The signal input power of each signal was equal to 10 mW. The length of 
the fiber used is 1 km. The parametric gain bandwidth in this case imposes the recovered 
channel spacing. This channel spacing for the fiber designed here is of the order of 2 run. 
The 2 nm distance between the recovered channels will be insured by proper design of the 
Fiber Brag Gratings 25 and 31 of FIGS. 2 and 4. This channel spacing allows clock 
recovering at 40 Gbit/s and higher data bit rates. 

[0053]To understand the pha se insensitiv e d e sign, th e mor e gen e ral param e tric amplification 
design, including the move often us e d phas e s e nsitiv e d e sign is d e scrib e d h e r e for more 
background information. For the phase sensitiv e d e sign, th e pump input fiber 5 pumped by 
a las e r 6 is also coupled to the dispersion shift e d fiber 3 by a s e cond wav e length division 
multipl e xer (not shown). — The pump input fiber 5 f ee d s pump radiation into th e l e ngth of 
disp e rsion shifted fiber at th e wavelength of zero dispersion. This wav e length is select e d 
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because it ensures efficient param e tric amplification within the fib e r for signals 
symm e trically spac e d e ither side of th e wavel e ngth of z e ro disp e rsion. On start up, RZ 
WDM data signals ar e f e d to the signal input fib e r 1 5 and thes e pass into th e disp e rsion 
shifted fiber 3. As the pump radiation and data signals pass through the di s per s ion shifted 
fib e r, n e w signals known as idler wav e s ar e g e nerat e d symm e trically about th e pump 
wav e l e ngth by th e proc e ss of four wav e mixing. Each puls e of thes e idl e r wav e s 
corr e sponds to a data on e of on e of the original data signals, whil e no pulse is generat e d for 
a data zero. As th e signals and idler waves continu e to travel through th e dispersion shifted 
fib e r 3, th e y ar e e ach subj e ct to param e tric amplification from th e pump. Aft e r passag e 
through th e disp e rsion shift e d fib e r 3, th e r e maining pump radiation and WDM data signals 
ar e block e d from furth e r transmission by th e band pass filt e r 7, whil e th e idler wav e s pass 
unhinder e d through th e filt e r. A proportion of th e idl e r wave radiation passes along th e first 
path from th e band pass filter through th e adjustabl e fib e r d e lay lin e 9 and is r e introduced 
into th e signal input fiber 1 . Th e r e mainder of th e idl e r wave radiation pass e s along the 
s e cond path from th e band pass filt e r to the clock output fib e r 1 1 . 

[005 4 ]By s uitable adjustm e nt of th e fib e r delay lin e 9, the idl e r wav e s passing along the first 
path from th e band pass filt e r 7 return to th e signal input fib e r 1 in phas e with th e WDM 
data signals f e d to th e signal input fib e r. As th e idl e r wav e s and data signals now pass 
through the disp e rsion shift e d fiber 3, th e e xisting idl e r waves ar e strongly parametrically 
amplifi e d by th e pump radiation as well as by th e incoming data signal in th e cas e of a data 
on e . Furthermor e , wh e r e idl e r waves hav e not previously be e n generat e d, th e y ar e g e n e rat e d 
as d e scrib e d above by th e on e s within the incoming data signal. In this way, a mode locked 
ring las e r is form e d, wh e r e th e cavity gain is strongly modulat e d by the t e mporal profil e of 
th e incoming data, and th e re circulating clock pulses ar e distinguish e d from spontan e ous 
nois e through phas e s e nsitiv e param e tric amplification and oth e r nonlin e ar processes within 
th e cavity. 

[0055]Param e tric amplification is phase s e nsitive, and it is n e c e ssary to ensur e that the 
phas e of th e recov e r e d clock lin e s up at the input to th e amplifi e r after e ach r e circulation. In 
ord e r to achiev e this, it is n e c e ssary to have w e ll d e fin e d phase relationships b e tw ee n th e 
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data and pump signals, which in practic e impli e s that e ach of th e signals should be w e ll 
defined in t e rms of phas e . This translat e s to a requir e ment that th e coh e rence l e ngth of the 
signals be longer than s e v e ral recirculations of th e clock r e covery loop. Faster phas e 
variation s will d es troy th e phase matching condition of th e cavity, whilst s ignificantly 
slow e r phas e variations may be track e d by th e clock recov e ry las e r automatically adjusting 
its phase. In practice, for a lion cavity, a continuous wav e (pump) linewidth of som e what 
l e ss than 20kHz would b e r e quir e d to giv e a 101cm coh e renc e l e ngth. Similar constraints 
apply to th e data s ignal, wher e th e phase nois e contribution of any in lin e optical amplifi e rs 
should be tak e n into consid e ration. In this cas e , provided the ASE induc e d phas e nois e is 
small (<§7i) th e ring laser will sample th e av e rag e phase. This may howev e r s e t a mor e 
string e nt upper limit on r e generator spacing than considerations of amplitud e noise. 
[0056]To e nsur e that the r e circulating idler wav e s r e turn to th e signal input fib e r 1 in phase 
with the incoming data signal s , th e cavity l e ngth should corr e spond to an integ e r multiple of 
bit periods of e ach of th e multipl e xed signals (accurat e to 1% of a bit period). For a 
sufficiently short cavity this may b e achiev e d with suffici e nt accuracy simply by adjusting 
th e cavity length to match th e c e ntral chann e l using th e adjustabl e fib e r d e lay lin e 9. In thi s 
resp e ct, a suffici e ntly short cavity is one wh e r e th e cavity l e ngth L m ee ts th e following 
r e quir e ment: 

l ^ T ( 2 C r 

2D'N ch K A 2 Af 

wh e r e x i s th e clock pulse width, D' is th e net cavity disp e rsion slop e , Ne h -i s the numb e r of 
multipl e x e d chann e ls in th e input signal, c is th e velocity of light, X is th e r e cov e r e d clock 
wavel e ngth and Af is th e chann e l spacing. Activ e stabilization could b e incorporat e d to 
comp e nsate for e nvironm e ntal fluctuations which could aff e ct th e virtual cavity l e ngth. 
Provid e d s om e r e sidual disp e rsion e xists in th e cavity, accompani e d by e xc e ss s e lf phas e 
modulation to broad e n the pulse spectrum s lightly, th e n within its allocat e d chann e l, e ach 
r e cov e r e d clock may slightly adjust its operating wav e l e ngth (and h e nc e e ff e ctiv e cavity 
l e ngth and so r e lativ e phas e ) to e nsur e maximum gain. Th is proc e ss is analogous to guiding 
filtering within soliton transmission syst e m s , the stabl e operating point in this case b e ing 
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which e v e r wav e length giv es th e corr e ct phas e . Th e cavity disp e rsion should b e car e fully 
chos e n such that s e veral n of phas e adjustm e nt ar e availabl e to th e laser whilst maintaining 
good phas e matching at th e l e vel of th e data rat e . In th e cas e of phase sensitiv e 
amplification, thi s e nsur e s phas e matching to both th e clock (radio fr e qu e ncy) phase of th e 
data signal, and the optical phase of th e optical carriers. 

For a longer cavity, tho quadratic dependence of the group delay preclud e s the corr e ct cavity 
adjustment for simultan e ous wavelengths. In this cas e , dispersion comp e nsation could also 
be e mployed to e nable corr e ct cavity l e ngth adjustm e nt for a gr e at e r range of simultan e ous 
signal wav e l e ngths, for example u s ing a fib e r having mir r or imag e dispersion charact e ristics 
to thos e of the dispersion shifted fiber. 

[005 8 ]In order to suppress spontan e ous nois e gen e rat e d through spontaneous process e s 
within th o cavity and through param e tric amplification of incoming amplified spontan e ous 
emissions (ASE), the n e t small signal gain should b e maintain e d b e low unity. Und e r th e se 
circumstances, several circulations of th e idler waves around tho cavity ar e suffici e nt to 
allow stable clock recovery. 

[0059]The parametric amplification process is instantaneous, and so the full saturat e d output 
pow e r is available at any given time. So in singl e channel op e ration, th e e n e rgy of e ach 
pulse is stabilized by the gain medium. This is in contrast to the case of doped fiber 
amplifiers, whore the long lifetim e pr e cludes puls e stabilization by th e s e m e ans, l e ading to 
instabiliti e s in th e puls e amplitud e s. Th e instantan e ous gain may al s o stabiliz e th e clock 
pulse amplitudes in the cas e of multi channel op e ration. Howev e r, it is possibl e that two 
clock pulses may b e pr e s e nt simultaneously, giving ris e to small l e vels of saturation induc e d 
crosstalk, and pot e ntial amplitud e instability. To combat this, th e cavity could include a 
weak periodic filter, such as an etalon (parall e l plat e interferomet e r), with a fr e e sp e ctral 
rang e e qual to th e wavelength spacing of th e chann e l s . In combination with s e lf phas e 
modulation induced spectral broadening, the sp e ctral compr e ssion offer e d by such a filt e r 
would tend to stabilize the pulse amplitud e s. 

[0060] Stimulat e d Billouin scattering (SBS) s e ts a s e vere limitation on the pump pow e r 
l e v e ls that may b e propagat e d in an optical fiber. Th e threshold for SBS is typically ten s of 
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milliwatts, whilst th e thr e shold for param e tric amplification is of th e order of a few hundr e d 
milliwatts. To all e viat e this constraint, the fib e r may b e design e d in such a way as to 
incr e as e th e SBS thr es hold, allowing incr e ased power l e v e ls. Alt e rnatively, the signal could 
b e provid e d with some d e gr e e of phas e modulation to incr e ase th e s pectral width of th e 
pump light b e yond Brillouin gain bandwidth (■ 80MHz). Howev e r, in this cas e it is 
nec e ssary to maintain a w e ll d e fined phase r e lationship betw ee n th e thr e e signals. 
Cons e qu e ntly, any phas e modulation design e d to reduc e SBS must tak e this r e quirem e nt 
into account. This may b e achi e ved by modulating th e phas e of th e pump at an int e g e r 
multipl e of th e frequ e ncy of c irculation of on e of th e optical signals through the cavity, for 
e xampl e at th e bit rat e of th e signal. 

[0061] A s e cond constraint r e lates to th e amplitud e of the phas e modulation. Due to the 
walk off betwe e n th e data and pump signals ov e r th e l e ngth of the amplifi e r, the phas e 
matching will b e r e duced. Indood, for a 71 phas e change th e amplification will bo 
transformed to att e nuation with disastrous results. Id e ally, the peak phase shift along the 
length of the amplifying fib e r will b e a small fraction of 7t. This implies e ith e r that the 
amplitude of the applied phase modulation is l e ss than 7t, or that the amplifying fib e r 
repr e s e nts a small fraction of the overall cavity length and th e modulation frequ e ncy 
match e s the cavity round trip. 

[0062]In vi e w of the rath e r long overall cavity length, the fiber las e r output is inh e rently 
unstabl e owing to fluctuations in the signal polarization stat e caused by mechanical 
vibration and t e mperature variation, as w e ll mod e comp e tition betw e en th e two orthogonally 
polarized modes. In order to eliminate noise coming from th e polarization fluctuations and 
mode comp e tition between orthogonally polaris e d mod es , th e las e r cavity may be 
construct e d entir e ly with polarization maintaining (PM) fib e rs and PM components. Th e 
ax e s may b e swapp e d at regular intervals to r e duce walkoff, if nec e ssary. Th e polarization 
s e nsitivity of the param e tric gain ensures that the recovered clock polarization is matched to 
the incoming signal polarization. 

[0063]Th e param e tric amplifi e r should be d e signed to r e duce crosstalk, both from the 
param e tric amplification itself and from oth e r four wav e mixing compon e nts. If the signal s 
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(incoming data signals mark e d d and r e cov e r e d clock signals marked c) are locat e d within a 
band of width N, which is offs e t from th e pump wav e l e ngth p by a spacing of at l e ast 2N, 
th e n all four wave mixing products originating from any two signals and th e pump fall into 
the zon e s mark e d FWM. Ther e ar e two b e neficial cons e qu e n c es to this d es ign: 

th e signals fall outsid e th e wav e bands for e ith e r the data or the clock; 

th e signals are poorly phase match e d, and so ar e of low int e nsity. 

[0064]Four wav e mixing betw ee n thr ee data (clock) signals or two data (clock) signals and a 
clock (data) signal will fall into th e signal band. How e v e r, sinc e th e int e ns e pump is not 
involved, th e int e nsity of the gen e rat e d signals will be low. Th e param e tric gain bandwidth 
d e pends upon th e phas e matching conditions, and th e parametric amplifi e r must b e d e signed 
to tak e this into account. To achi e v e this low crosstalk level, it is n e c e ssary to have a 
dispersion slop e abov e a c e rtain critical valu e , and th e r e is cl e arly a trade off b e tw e en 
channel bandwidth and crosstalk. 

[0065]For this amplifi e r d e sign, th e obtainabl e r e covered clock puls e widths (assuming RZ 
data with a 50% duty cycl e and sinusoidal puls e profil e s) can b e calculat e d e ither by simply 
consid e ring tran s form limited pulses with spectral widths e qual to th e gain bandwidth, or by 
using standard mod e locking th e ory. Acc e ptabl e performance is achi e ved for op e ration at 
10 or 20 Gbit/s with a 100GHz chann e l spacing. It is notabl e that this exampl e r e quir e s a 
maximum wavelength shift from channel 1 to chann e l 16 of 75nm at lOGbit/s with 100GHz 
spacing. Alt e rnativ e ly, e ach r e g e n e rator sit e could contain a small numb e r of such 
param e tric r e g e n e rators to r e duc e the numb e r of chann e l s and so alleviat e th e parametric 
gain bandwidth requir e m e nt at e ach sit e . Th e group v e locity disp e rsion e xp e ri e nced by high 
chann e l numbers may b e minimiz e d by r e ducing th e disp e rsion slope. Th e optimum 
disp e rsion slop e , taking the two constraints into account, can th e r e for e b e d e t e rmin e d. 
[0066] A s e cond param e tric amplifi e r may b e u se d to facilitat e an interaction b e tw e en th e 
data signal and the r e cover e d clock to provid e a reg e nerator capable of r e amplifying, ro 
shaping and r e timing wav e l e ngth division multipl e x e d optical signals. Th e r e g e n e rator 
s hown e mploys a s e cond e mbodim e nt of a clock recov e ry circuit according to the invention. 
When the band pass filt e r 7 and adjustabl e fib e r d e lay line have been replac e d by an optical 
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branch 21 conn e cted to th e optical cavity b e tw ee n th e disp e rsion s hift e d fib e r 3 and th e 
clock output fib e r 1 1 by m e ans of an optical circulator 23 , the optical branch 21 pr e s e nts a 
s e ries of cascaded chirped fib e r Bragg gratings 25, 27, 29, 31, e ach of which is position e d at 
a car e fully s e l e ct e d location along th e optical branch 21 as d e scribed below and d es ign e d to 
r e fl e ct radiation of a particular wav e length corr e sponding to a r e spectiv e WDM chann e l. 
[0067] As d e scrib e d abov e with r e f e r e nc e to the phas e s e nsitive cas e , th e pump input fib e r 5 
f ee ds pump radiation from pump las e r 6 into th e l e ngth of dispersion shift e d fib e r at th e 
wav e l e ngth of z e ro - disp e rsion via a wav e l e ngth division multipl e x e r 1. On s tart up, RZ 
WDM data signals ar e f e d to th e signal input fiber 1, and th e s e pass into the di s p e rsion 
shift e d fiber 3 via anoth e r wav e l e ngth division multipl e x e r 2. As the pump radiation and 
data signals pass through th e disp e rsion shift e d fiber 3, idl e r wav e s corresponding to th e 
differ e nt WDM s ignal chann e ls ar e g e n e rat e d symmetrically about th e pump wavelength 
and amplifi e d as d e scrib e d abov e . After passag e through th e disp e rsion shift e d fib e r 3, th e 
idler waves, remaining pump radiation and original WDM data signal s pass into th e optical 
branch 21 via th e optical circulator 23. Each Bragg grating r e fl e cts idl e r wav e radiation 
corr e sponding to a particular WDM chann e l (a r e stor e d channel clock s ignal) and passes 
through light at all other wav e l e ngths, including th e remaining pump radiation, th e original 
WDM data signals and any amplifi e d spontaneou s e mission and four wav e mixing terms ; 
which ev e ntually l e av e th e las e r cavity. Th e r e stor e d chann e l clock signals ar e thus r e fl e cted 
back to th e circulator 23 and fed back towards the clock output fiber. A proportion of the 
restor e d chann e l clock signal radiation is r e circulated to th e disp e rsion shift e d fib e r 3, 
whil e th e r e mainder pass e s to th e clock output fiber 1 1 . 

[006 8] The use of chirp e d fib e r Bragg gratings in this mann e r pr e s e nts a numb e r of 
advantag e s. Th e position of e ach chirp e d fiber Bragg grating along th e optical branch 21 of 
the clock r e covery circuit d e fin e s a uniqu e las e r cavity l e ngth for its own r e cov e r e d clock 
signal. This m e ans that th e re is no n ee d to hav e a total cavity disp e rsion e xactly equal to 
zero. If n e cessary, variabl e delay lin e s (for e xampl e in th e form of fib e r stretch e rs) can b e 
provid e d betw ee n Bragg gratings (not shown) to adjust e ach of the individual cavity l e ngths. 
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[0069]Th e chirp e d fib e r Bragg gratings combin e th e functions of r e fl e ction and sp e ctral 
filt e ring. Individual r e fl e ction p e aks can be e asily adjust e d by straining or t e mp e ratur e 
tuning corr e sponding Bragg gratings. 

[0070]Becaus e nonlinear e ff e cts in silica bas e d gla s s ar e r e lativ e ly w e ak, a long length of 
fib e r (typically, hundr e ds of m e ters) is n e ed e d in ord e r to l e t the syst e m op e rate at 
r e asonabl e pow e r lev e ls for both pump and signal light. As a cons e qu e nc e , th e fiber las e r 
op e ration is inher e ntly unstabl e owing primarily to th e cavity length chang e s caus e d by 
t e mp e ratur e variation. Th e ins e rtion of th e CFBGs into the cavity enables th e las e r to 
maintain synchronism with an e xt e rnal signal bit e rate automatically. Since t he grating is 
chirp e d, the e ff e ctiv e r e fl e ction plan e position dep e nds on th e wav e l e ngth. As a r e sult, a 
small chang e in th e cavity length or th e group v e locity of light can b e compensat e d by a 
smal l s hift of th e la s ing wavelength. 

[0071]For a particular bit rate / the minimum CFBG l e ngth n e eded to passively stabiliz e th e 
laser operation can b e e stimat e d from the following in e quality: 
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[0072] whore n is tho effectiv e r e fractive ind e x, c is th e v e locity of light, □ Bis th e total chirp 
of the CFBG, D is th e dispersion parameter of th e cavity fib e r, L e is th e las e r cavity l e ngth 
aad-^g g is th e disp e rsion param e t e r of th e grating, approximately giv e n by 

D-^ 

g T V ' 

where L % is tho length of the grating. Sinc e for maximum FWM gain param e tric las e r n ee ds 
to be pumped close to tho fiber zero dispersion point, D is typically v e ry small, th e s e cond 
term in par e ntheses can b e negl e ct e d and (1) simplifi e s to: 
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which has a very simple interpr e tation — the CFBG n ee ds to be at l e ast half as long as th e 
physical spacing of two optical puls e s in the fib e r following at th e signal clock rate. In this 
case, r e fl e ction from on e e nd of the grating is delayed in r e sp e ct to th e r e flection from th e 
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oth e r e nd of the grating by a full bit period, and phase change of ±1 80° for tho recovered 
clock signal can be attained by a wavelength shift. 

[0073]Th e param e tric gain bandwidth ia determined by the spectral width of th e 
corr e sponding incoming RZ signal. Ther e for e , in cas e of th e incoming RZ consisting of 
p e rf e ct transform limit e d optical puls e s, any wav e l e ngth chang e in th e r e stor e d clock s ignal 
would m e an a significant d e cr e ase in th e available gain. How e ver, real transmission line 
signals will always be slightly broadened by transmission fib e r nonlineariti e s, and th e y will 
e xp e ri e nc e additional sp e ctral broad e ning due to th e intra chann e l FWM and s e lf phas e 
modulation in th e clock r e cov e ry amplifying fib e r its e lf. We e stimat e that at l e ast a 0.2 nm 
wavel e ngth shift without a significant drop in th e parametric gain should be p e rmissibl e for 
the 10 GHz clock rate. 

fflQ741f00481 Another important point relates to grating dispersion. 

For the 1 cm long grating (the minimum length needed to stabilize the 10 Gb/s clock 
recovery, as shown above) with a total chirp of 0.2 nm, the grating dispersion would be 
roughly 500 ps/nm. It might seem that such a large dispersion would make circulation of a 
short pulses in a laser cavity impossible. The following simple illustration shows that this is 
not necessarily true. Let us consider a monochromatic optical wave sinusoidally modulated 
with 100% modulation depth, which is the simplest form of a clock signal: 

P = A(l + cos Clt) cos cot (4) 
where co is the carrier frequency and Q is the modulation (clock) frequency. As is well 
known, the spectrum of this signal is represented by the main peak at carrier frequency and 
two additional peaks at ±Q, which can be shown by the transformation of (4): 

P = A cos cot + ^ (cos(<y + ti)t + cos(<s> - Q)t) (5) 

fQQ751[00491 When this signal is reflected from a chirped grating, 

effective reflection planes for all three spectral components will be different. At least for the 
case of linearly chirped grating, the amount of phase shift 9 of frequency sum and difference 
components in respect to the carrier frequency component will be the same with an opposite 
sign. The resulting signal is represented by: 
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